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Ben-tal? [6]????? x 2 Rk??? 2????
kAx  bk  cTx  d (1)
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2 Rk+1??????9u 2 Rp s:t: k+1(t?y?u)  0 =) kyk  (1 + )t
??????Lk+1???? -??????????? -??k+1????? (1)?
k+1(c
Tx  d?Ax  b?u)  0
u 2 Rp (2)
??????????????(2) ?
kAx  bk  (1 + )(cTx  d) (3)
?????????????????(1)?????????
2.1 ?Tower of variables?????????
Ben-tal? [6]??2??????????? -??k+1????????? 2 (0?1]?




2 +   + y2k  t (4)
??????? k + 1?? 2???????? 3?? 2??????????? 3?? 2
??????????y1?y2?:::?yk?t??? 0???????(y1?y2)?(y3?y4)?:::?(yk 1?yk)
????????????????????? 1????????? 1????????
? 0???????????????????????? 2??????????? ?
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(y1)2 + (y2)2 + (y3)2 + (y4)2 + (y5)2 + (y6)2 + (y7)2 + (y8)2  t
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2  y31 = t




i?yl 12i 1?yl 12i ?ul)  0?i = 1?2?:::?2 l?l = 1?2?:::?





(1 + l)  1
????
2.2 L3?????????
??? 2 N????????j?j (j = 0?1?:::?)??????L3 =
n
(x1?x2?x3)
px22 + x23  x1o
?????
0   jx2j  0



















  0?j = 1?:::?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   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2?:::? 2 N ??????????
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?? 1 [6] Tower of variables????????????? k????  2 (0?1]?????
Lk+1???? -?????????????
p+ q  O(1)k ln 2

3 ???????????????
????????n????????????????????r = (r1?r2?:::?rn)T 2 Rn
????r?????????????? 2 Rn????????? 2 Rnn????
?????????????
 = E[(r   )(r   )]T = E[rrT]  T (7)
6
??????????????????  = [1?2?:::?n]T 2 Rn???
Pn
i=1 i = 1?
?????????????????????? = [ 1 2?:::? n]T 2 Rn???????
?????????????????? ???????????????????
?????
E[(rT(  ))2] = E[rT(  )rT(  )]
= E[(  )TrrT(  )]
= (  )TE[rrT](  )
= (  )T(T +)(  ) (* (7))
????????????????????????????????????i  0 (i =
1?2?:::?3)?????????Pni=1 i = 1???????????????A  b??
???????A 2 Rmn?b 2 Rm????????????????????????





























mini  + 
s:t: max
2M
~TT ~  
max
2S





i  0 (i = 1?2?:::?n)








~TT ~   (11)
????????????[3]????????M???????????? r????
0????????G 2 Rnn????
M := fj(  0)TG(  0)  1g (12)
????????(11)????????
(  0)TG(  0)  1???????????? ~TT ~ = T ~ ~T   (13)
???????
F1() =  (  0)TG(  0) + 1
F0() =  T ~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F1()  0???????????? F0()  0 (14)
????????????A  0?A??????????A  0?A???????
??????????
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~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~T ~   (17)
???????????????[4]???????????????????????
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(1  ) + 1 0 0    0





. . . 0
0 0 0    (1  ) + 1 (1  )   1
2 ~T
1=2





??????????????? (12)? (17)???? (9)?
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(1  ) + 1 0 0    0





. . . 0
0 0 0    (1  ) + 1 (1  )   1
2 ~T
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??? [5]??(16)? 2????????????????(9)? 2?????????
??????G????????????????M ???MGMT = ??????
?????????????G???????????????1=2??????
?????????????? = 1=21=2????????????G = MTM =
MT1=21=2M = MT1=2MMT1=2M ????????G1=2 = MT1=2M ?????
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???????????MGMT =  ????G 1 = MT 1M ??????????
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264 1 0 0T0 1 0T
0 0 G 1=2
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264 1 0 ~T0 T0G0    +   T0G
~  G0 G
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264 1 0 0T0 1 0T
0 0 G 1=2
375




264 1 0 ~G 1=20 T0G0    +   T0G1=2
G 1=2 ~  G1=20 I
375  0
(22)
?????????? = 0????(22)????264 1 0 ~G 1=20  0
G 1=2 ~ 0 0
375
????(22)????????
  0?~ = 0 (23)
????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  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24 1  1 ~TG 1 ~ ~T0
T0
~   + 
35  0
()
24 1  1wTw z
z   + 
35  0 (24)
?????????w = G 1=2 ~?z = T0 ~?????
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  +   0 (25)
(1  1

wTw)(  + )  z2  0
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(1  x)  wTw
y =   + 
xy  z2 (27)
x  0
y  0
???????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??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??????(29)????????????????????? U 2 f1?2?:::?ng? 2
??? bi 2 f0?1g (i = 1?2?:::?n)???????????????
bi  i (i = 1?2?:::?n)
nX
i=1
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#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i  0 (i = 1?2?:::?n)
~ = 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4.1.1 ?Tower of variables?????????
???????a?b?c???(31.a)?(31.b)?(31.c)???? -??an+2(  x+1
?2w? + x  1)?b2(x+ y?2z?x  y)?cn+2((1  ) + 1?1=20 ~?(1  )   1) ????
????????????????????????????????????????
(31)?
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y =  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w = G 1=2 ~
z = T0
~
cn+2((1  ) + 1?1=20 ~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 k~xk  x0
)
? y 2 Rn+1???????????
y 2 Kn+1 () 8z 2 Kn+1?yTz  0
?????????
???(32)???? 264 ^   x^+ 12w^
^ + x^  1
375
??????????????2???? (31.a)???????????5????a1 = [a0
?a1?:::?an?an+1] 2 Kn+2??????264 ^   x^+ 12w^
^ + x^  1
375
T
a1 < 0 (33)
?????????????????264 ^   x^+ 12w^





















?????? 1 ?Tower of variable??????????????????
???? 0. ???
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???? k = 1
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^   x^+ 12w^





264 (1  ^)^ + 121=20 ~^







(a) xT1 a1   ?xT2 a2   ?xT2 a2   ?????
(b) k = K
???? 4. ?????
xT1 a1 <  ????????? (32)???264 ^   x^+ 12w^









xT3 a3 <  ????????? (32)???264 (1  ) + 121=20 ~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i  0 (i = 1?2?:::?n)
~ = 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264 ^   x^+ 12w^





264 (1  ^)^ + 121=20 ~^







(a) xT1 a1   ?xT2 a2   ?xT2 a2   ?????
(b) k = K
???? 4. ?????
xT1 a1 <  ????????? (35)???264 ^   x^+ 12w^









xT3 a3 <  ????????? (35)???264 (1  ) + 121=20 ~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Xeon CPU E5-2450 2.1GHz ? 2
?16???32????? 126GB Ubuntu 12.04
??? (29)?RTEP ??????????????????????????? (31)?
L-RTEP ?L-RTEP??tower of variable???????????????ToV L-RTEP?
?????? 1?ToV Cut L-RTEP??????? 2?Cut L-RTEP ????RTEP?





ToV L-RTEP????????? a?b?c = n?ToV Cut L-RTEP???????
? a?b?c = n=2? = 10 5?Cut L-RTEP????????  = 10 5??????
???U ?????????RTEP?L-RTEP?ToV L-RTEP?ToV Cut L-RTEP?Cut
L-RTEP?????? 1?? 2?? 3?? 4?? 5????????ToV L-RTEP? 25?
????????? 4???????????? 50%????????????????
?????machine1?????????? 25??????? 10?????L-RTEP?
???????????????????? ? 4???? ToV L-RTEP??????
21
? 1: ?????? 10???????
? 2: ?????? 15???????
22
? 3: ?????? 20???????
? 4: ?????? 25???????
23
? 5: machine2 CPLEX L-RTEP? 25? 30? 40? 50???????
?????????? 1?? 2?? 3?? 4?????????????????????
????????????L-RTEP?ToV L-RTEP?ToV Cut L-RTEP?Cut L-RTEP?
???????????????Gurobi????????? 30? 40? 50??????
????????????????????????????CPLEX????????
??????? 5????????RTEP?L-RTEP?ToV L-RTEP?ToV Cut L-RTEP?
Cut L-RTEP?????? U ??????????????? 6?? 7?? 8?? 9??
10??????????????????????????????????????
24
? 6: ?????? 10????????
? 7: ?????? 15????????
25
? 8: ?????? 20????????
? 9: ?????? 25????????
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?????????ToV Cut L-RTEP???????????????? L-RTEP??
?????????????????????????????????? 4?????
??? 8???????????????????????????? 25??????




























 0() a  0?c  0?ac  b2  0















= ax21 + 2bx1x2 + cx
2
2 (36)

































????a  0?c  0?ac   b2  0?????(37)? 0???????? 3??????
??????????????????? 3???????????????(37)? 0?





????b = 0?c  0?????????b = 0?c  0?????(36)? 0?????? 3
????????????????????????????????????????
A.2 ??4???
x?y  0?z 2 Rn????????????





#  x+ y
29
???
zTz  xy , 4zTz  4xy
, 4zTz  x2 + 2xy + y2   (x2   2xy + y2)
, 4zTz  (x+ y)2   (x  y)2


















 k~xk  x0
)
? y 2 Rn+1???????????
y 2 Kn+1 () 8z 2 Kn+1???? yTz  0
?????
y 2 Kk+1 =) 8z 2 Kn+1???? yTz  0
????8y = [y0?~y]T?z = [z0?~z]T 2 Kn+1?????














z2i (* Cauchy   Shwarz???)
 y0z0   y0z0 (* y?z 2 Kn+1)
= 0
??????????
y 2 Kn+1 (= 8z 2 Kn+1???? yTz  0
30
???
y =2 Kn+1 =) 9z 2 Kn+1???? yTz < 0
????y = [y0?~y]T =2 Kn+1????y0 < k~yk????~y 6= 0????z = [1?  ~y=k~yk]T 2
K?????
yTz = y0   ~y
T ~y
k~yk = y0   k~yk < 0 (* y0 < k~yk)
????~y = 0????z = [1?0]T 2 Kn+1?????
yTz = y0 < 0
?????????????????????????????????????
B ????????????? 10? 15? 20
?????? 10? 15? 20?????????????????????????
????????????????????? i??? t??????? Vi?t(i = 1?2?:::
?n?t = 1?2?:::?T )?????? 1
T
PT 1
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